ABSTRACT Egg and larval survivorship of Carposina sasakii Matsumura in fruits was investigated, and its effects on adult population dynamics was examined by comparing the seasonal adult population trends in apple and peach orchards. Egg survivorship was relatively high and did not differ among fruits, cultivars, and seasons. However, larval survivorship in fruits was very low according to fruits, cultivars, and seasons. In late apple (ÔFujiÕ), no larvae survived inside fruits during mid-to late June, and larval survivorship in mid-July was very low (2.0%). In early apple (ÔTsugaruÕ) and early peach (ÔKurakatawaseÕ), larval survival was 18.1 and 43.7% during mid-to late June, respectively. However, in late peach (ÔHakutoÕ), it was much lower (4.5%). The mean numbers of degree-days between the Þrst and the last adult ßight peaks were signiÞcantly different among different orchard systems. SigniÞcantly more degree-days occurred in apple (1029.8 DD) and apple-peach adjacent orchards (939.2 DD) than in peach orchards (681.0 DD). This could have been caused by high larval mortality in apples during the early season, and a mixture of both multivoltine and univoltine components contributing to C. sasakii overall population dynamics. Implications for management of C. sasakii in diverse fruit systems are discussed.
TO EFFECTIVELY MANAGE an insect pest, its population dynamics must be understood, not only to provide information on when and why the pest species is abundant, but also to give insight as to how it can be managed. Traditionally, investigations of population dynamics have been focused mostly on environmental or extrinsic factors acting on individual species. However, information from comparative studies has revealed that life-systems or intrinsic factors also affect population dynamics (Nothnagle and Schultz 1987) . For example, temporal patterns of resource availability and host-plant quality can have critical inßuences on the population dynamics of phytophagous insects (Scriber and Slansky 1981 , Onstad et al. 1986 , Hunter et al. 1992 .
In Korea, Carposina sasakii Matsumura is the most destructive insect pest of fruit trees such as apple, peach, and pear (Kim and Yiem 1981; Lee et al. 1982 Lee et al. , 1984 . The seasonal occurrence of adult C. sasakii is very complex and unpredictable from year to year and even within the same year (Miyashita et al. 1965 , Narita and Otake 1979 , Lee 1990 , and its phenology has not been studied in detail, except for the overwintering biology and two-peak spring emergence pattern (Kim et al. 2000) . Such complex occurrence patterns and lack of information on the population dynamics of C. sasakii hinder the implementation of an effective management strategy.
The objectives of this study were thus to quantify the egg and larval survivorship of C. sasakii in selected host fruits, and to verify the seasonal occurrence of C. sasakii adults based on the immature survivorship. We examined C. sasakii egg and larval survivorship at different times of the season and in the host plants of apple and peach, and compared the seasonal population trends of C. sasakii adults in different apple and peach orchard systems.
Materials and Methods
Survivorship of Immature Stages. C. sasakii egg and larval survivorship on and within fruits was examined at different seasonal times and in different cultivars of apple and peach, ÔTsugaruÕ (early apple), ÔFujiÕ (late apple), ÔKurakatawaseÕ (ϭChangbang, early peach), and ÔHakutoÕ (ϭBaekdo, late peach). Their mean full bloom dates were 5 May, 6 May, 22 April, and 23 April, respectively. Their harvest times were late August, late October, late July, and late August, respectively.
All studies were carried out in experimental orchards at the National Horticultural Research Institute (NHRI), Suwon, Korea, where insecticides were restricted or not applied. Fruits on the trees bearing eggs were enclosed in a fabric mesh sleeve (1 mm) to prevent further oviposition after counting initial egg numbers. Subsequently, the egg and larval survivorship was investigated.
Egg hatch was evaluated daily using a 10ϫ magniÞer, and the number of hatched eggs was recorded. Eggs are bright red when freshly laid, and turn deep red as they age. The black head of the larva becomes visible just before hatching. Ultimately, the larvae eclose from the eggs, leaving behind white eggshells. Thus, the number of white eggshells was determined to be the number of hatched eggs. The egg survivorship was calculated as the total number of hatched eggs (white eggshells) divided by the total number of eggs.
The larval survivorship was also evaluated with a 10ϫ magniÞer. Newly hatched larvae are creamy white with a black head. As soon as larvae leave the eggshell, they search for points of entry, and then bore into fruits. A sign of larval entry appears on the fruit surface as a sting spot on which a sack-shape fruit juice drop forms. Mature larvae escape from the fruits, leaving behind exit holes with diameters Ͻ3 mm. In previous laboratory experiments, it was observed that individual exit holes were produced by each larva in a multiple-infested fruit. Therefore, the overall larval survivorship was calculated as the total number of exit holes divided by the total number of hatched eggs (white eggshells). The larval entrance spots were checked daily and the exit holes were checked at 7-to 10-d intervals.
Apple Fruits. The survivorship of C. sasakii was examined on Fuji from 1994 to 1996 and Tsugaru in 1995. In the Fuji apples, four egg cohorts were caged each year: the Þrst cohort on 17Ð20 June, the second on 9 Ð11 July, the third on 16 Ð19 August, and the fourth on 6 Ð 8 September. Examined cohorts were as follows: in 1994, 68 eggs on 38 fruits for the Þrst, 111 eggs on 37 fruits for the second, 147 eggs on 35 fruits for the third, and 130 eggs on 29 fruits for the fourth cohort; in 1995, 121 eggs on 39 fruits for the Þrst, 115 eggs on 25 fruits for the second, 168 eggs on 38 fruits for the third, and 98 eggs on 35 fruits for the fourth cohort; in 1996, 72 eggs on 35 fruits for the Þrst, 159 eggs on 35 fruits for the second, 127 eggs on 39 fruits for the third, and 112 eggs on 29 fruits for the fourth cohort. In the Tsugaru apples, one cohort of 96 eggs on 27 fruits was caged on 23 June in 1995.
Peach Fruits. The survivorship of C. sasakii was examined on Kurakatawase and Hakuto in 1995. One cohort of 128 eggs on 23 fruits was caged on 18 June in Kurakatawase peaches, and one cohort of 89 eggs on 34 fruits on 19 June in Hakuto peaches.
Fruit Characteristics. Fruit size and Þrmness, and soluble solid content of fruit ßesh were measured throughout the season in 1996 for Fuji, Tsugaru, and Kurakatawase. For each cultivar, 30 fruits were randomly selected and marked, and fruit size dimension (diameter) was measured using a caliper. Fruit Þrm-ness was measured on the surface of 5-mm sections of fruits using a fruit Þrmness tester with a 5-mm-diameter probe (166-UA, Fujiwara, Japan). Soluble solid content of the fruit ßesh was measured using a digital refractometer (PR-160, Atago, Japan). For each cultivar, 10 Ð15 fruits were measured for both fruit Þrm-ness and soluble solid content.
Adult Flight Monitoring. C. sasakii adult ßight was monitored from 1995 to 2000 using pheromone traps in the experimental orchards (apple, peach, and apple-peach adjacent orchards) at NHRI. Pherocon 1C traps (Tré cé , Salinas, CA) were baited with synthetic pheromone blend (ChemTec, Amsterdam, The Netherlands), which consisted of Z-7-eicosene-11-one and Z-7-nonadecene-11-one (9:1) in 5-mm-diameter rubber septa (Boo 1998 , Han et al. 2000 . The traps were hung on the branches of trees 150 cm above ground. The lures were replaced every 20 Ð30 d, and the traps were checked every 1Ð2 d in some orchards and 5 d in others from mid-May to late September. Single or multiple traps were placed in each orchard, and in cases of multiple traps, the average number of adults caught per trap was used for analysis.
Apple Orchards. Adult ßight was monitored in apple orchards at the Imog-dong and Top-dong campuses of NHRI. The apple orchard at Imog-dong was 3.5 ha in area, consisting of 85% late cultivar (Fuji) and 15% early cultivar (Tsugaru) trees. A single trap was placed in the center of the orchard each year during the period of 1995Ð2000. The orchard at Top-dong was 1.5 ha in area with equal proportions of apple, pear, and peach. Apple, peach, and pear trees were in separate blocks. All pear and peach fruits were wrapped in paper bags before mid-June, which prevented oviposition by C. sasakii adults on these fruits. The apple trees consisted of 90% late cultivar (Fuji) and 10% early cultivar (Tsugaru). A single trap was placed in the center of the apple tree block each year during 1995Ð1998.
Peach Orchards. Adult ßight was monitored in two peach orchards located at the Imog-dong campus of NHRI. One orchard was 2 ha in area, consisting of 60% early cultivar (Kurakatawase), 20% mid cultivar (Okubo), and 20% late cultivar (Hakuto) trees. The other orchard was 3 ha in area, consisting of 50% early cultivar (Kurakatawase), 30% mid cultivar (Okubo), and 20% late cultivar (Hakuto) trees. These peach orchards were separated from each other by a distance of 800 m by an apple orchard (1.5 ha). The pheromone traps were placed at the ends of each peach orchard farthest away from the apple orchard. In the 2-ha peach orchard, the numbers of traps placed were 2, 2, 1, and 1 in 1995, 1997, 1998, and 2000, respectively. In the 3-ha peach orchard, the numbers of traps placed were 2 and 1 in 1995 and 2000, respectively. Distance between traps was Ϸ50 m.
Apple-Peach Adjacent Orchards. Two orchards were monitored. One orchard was located in Seodun-dong, Suwon, which was surrounded by a pine forest. The orchard was 1.5 ha in area with a 4:3:3 ratio of apple: peach:pear trees. Apple, peach, and pear trees were in separate blocks, with the apple and peach blocks adjacent to each other. All pear fruits were wrapped in paper bags before mid-June to prevent C. sasakii oviposition. Two traps (Ϸ30 m apart) each year were placed in the facing row between apple and peach in 1996, 1997, 1999, and 2000 . The other orchard, a 1.5-ha apple orchard, was located at the Imog-dong campus of NHRI, between the 3-and 2-ha peach orchards described previously. Two traps (Ϸ30 m apart) were placed in the second row from the border of apple orchard adjacent to the 2-ha peach orchard in 1996 and 1998. Data Analysis. Life Table Analysis . Survivorship data were analyzed through age-speciÞc life table analysis (Morris and Miller 1954) .
Adult Flight Pattern Analysis. Cumulative degreedays from the Þrst to the last peak date were analyzed to compare the adult occurrence patterns in various orchards according to different C. sasakii host plant composition (apple, peach, and apple-peach). The insect catch data were counted at an interval of 5 d. The data were then smoothed using FFT (fast Fourier transform) Þltering between 8 and 18% to make the location of peaks in the actual data more distinct (Jandel ScientiÞc 1996) . Daily thermal units above 9.4ЊC (Kim et al. 2001) were accumulated from the Þrst to the midseason peak date, and from the Þrst to the last peak date using daily average temperatures obtained from the Suwon weather station, which is located 2Ð5 km away from the orchards where the adult ßights of C. sasakii were monitored. Comparison of the degreedays among different orchards was conducted using PROC GLM in SAS after log transformation. In addition, mean separation was determined using TukeyÕs studentized range test at ␣ ϭ 0.05 (SAS Institute 1999).
Results
Survivorship of C. sasakii. Though the larval survivorship of C. sasakii was different according to fruit cultivar as well as season, egg survivorship did not vary (Tables 1Ð3). In late apples (Fuji), the egg survival was high, while the larval survival in fruits was very low; in particular, during mid-to late June no larvae survived to maturity (Table 1) . Larval survivorship was extremely low during the early season (0% in midto late June, 2.0% in mid-July), increased during midseason (27.6% in mid-to late August), and decreased during the late season (18.4% in early to mid-September). The highest larval survival from egg hatch to mature larva occurred during mid-to late August. Larval survival in early apples (Tsugaru) was 18.1% in late June (Table 2) , compared with 0% for the same period in early apples. In early peaches (Kurakatawase), the larval survival was 43.7% during mid-to late June (Table 3) . However, the larval survival in late peaches (Hakuto) was much lower than in early apples and early peaches during the same period.
Adult Population Dynamics. Apple Orchards. Although adult occurrence patterns were different among years and sites, in general they followed a pattern shown in Fig. 1A . The adult populations dwindled after spring emergence peaks (from the overwintering generation). The small but distinct last peak was observed during the later season. In seven of the 10 apple orchards, a midseason peak occurred be- tween the Þrst and last peaks (Table 4) . Overall, the Þrst peak date was observed at Julian date 170 Ð190 (mean Julian date 179.5), while the last peak occurred mostly at Julian date 240 Ð250 (mean Julian date 243.1).
Peach Orchards. The typical pattern of adult ßights is shown in Fig. 1B . The midseason peak did not occur frequently compared with the apple orchard (Table  4) . Overall, the Þrst peak was observed during Julian date 165Ð190 (mean Julian date 177.8), similar to the apple orchards, and the last peak during Julian date 215Ð235 (mean Julian date 219.3), earlier than in the apple orchards.
Apple-Peach Adjacent Orchards. The patterns of adult occurrence were more complex in apple-peach adjacent orchards (Fig. 1C) . Their adult populations during the Þrst and the last peaks were higher than those of the respective peach and apple orchards, and the peaks were higher in some years. A considerable overlap occurred between the late spring emergence and the early summer emergence from the Þrst brood during Julian date 210 Ð220. The midseason peak also occurred as in the apple orchard. The Þrst peak was observed during Julian date 170 Ð190 (mean Julian date 184.5), similar to those in peach and apple orchards, while the last peak was during Julian date 235Ð250 (mean Julian date 241.2).
The mean accumulations of degree-days above 9.4ЊC (Kim et al. 2001) between the Þrst and the last peak dates are given in Table 4 . The mean degree-days were signiÞcantly different among different orchard systems (F ϭ 41.87; df ϭ 2, 19; P Ͻ 0.0001). SigniÞ-cantly more degree-days occurred in apple (1029.8 DD) and apple-peach adjacent orchards (939.2 DD) than in peach orchards (681.0 DD)
Discussion
Different larval survivorship of C. sasakii in fruits (Tables 1, 2 , and 3) is thought to be related to the fruit age-related chemistry. Onstad et al. (1986) reported that apple leaf age had a signiÞcant inßuence on the larval development and survival of Choristoneura rosaceana (Harris). In Malus species, phenolic compounds, such as phlorizin and phloretin, are potent anti-herbivore allelochemicals (Montgomery and Arn 1974) , although their putative role in apple trees is still controversial (Hunter et al. 1994) . The content of total phenolic compounds has been shown to change seasonally in Fuji apple, decreasing from a high level in the early season (6.31 mg/g fresh weight on 27 June) to low in late season (1.61 mg/g fresh weight on 28 September) . In peach fruits (late cultivar), phenolic compounds in mid-to late June were much lower (4.21Ð 4.05 mg/g fresh weight) than those of apples ). This level is similar to that of Fuji in mid-July , during which the survival of C. sasakii larvae is also observed in Fuji. Thus, concentrations of the phenolic compounds in fruits might affect the larval survivorship of C. sasakii, particularly in Fuji apples from mid-to late June.
The physical characteristics such as size and hardness of fruits may also affect the larval survivorship because larvae would have more difÞculty boring into and eating hard fruits than soft ones, and smaller fruits may impose heavier crowding effects on the larvae Means followed by the same letter within a column are not signiÞcantly different (P Ͼ 0.05, Tukey test). n, Number of orchards. DD, Daily thermal units above 9.4ЊC (Kim et al. 2001) were accumulated. than the larger ones. The fruit size of Fuji was smaller and its dimensions increased more gradually than those of Tsugaru and Kurakatawase throughout the growing season ( Fig. 2A) . Fruit Þrmness decreased as the season progressed (Fig. 2B) , but was higher for Fuji than for Tsugaru. However, this difference in fruit Þrmness is not sufÞcient to explain the differences in larval survivorship fully since the larval survival rate was higher in Kurakatawase than in Fuji or Tsugaru, in spite of its higher fruit Þrmness in late June (approximate Julian date 177) (Fig. 2B) . The soluble solid content of fruit ßesh increased continuously during the growing season, and was consistently lower in Fuji than in Tsugaru (Fig. 2C) . However, the effect of the soluble solid content on larval survival could not be determined. Further study is needed to elucidate the effects of fruit quality on larval survivorship of C. sasakii.
Population dynamics of C. sasakii could be explained in a similar manner as for codling moth, Cydia pomonella (L.), occurring as a mixture of differentially diapausing univoltine and multivoltine populations (Ferro et al. 1974 , Brown et al. 1979 . The univoltine component would be represented by the Þrst larval brood feeding on fruits and remaining as fully-grown diapausing larvae upon emergence from the fruits. The multivoltine component would be represented by the Þrst larval brood developing into adults and producing another summer larval brood. In Korea, the overwintering larval cocoons of C. sasakii occur starting in early August (Kim et al. 2000) . A short daylength triggers diapause induction at the middle-aged larval stage (Toshima et al. 1961) . Under natural conditions in both Japan and Korea, 50% of the mature larvae go into diapause as larval cocoons in mid-August (Toshima et al. 1961 , Lee et al. 1984 . Therefore, the Þrst brood larvae from adults of the overwintered population, which show high survival in the early cultivars, would contribute to the multivoltine component because they complete their life cycle during midseason. In contrast, the Þrst brood larvae in the late cultivars would contribute mostly to the univoltine component because the survival rate of larvae born earlier is extremely low, and most of the larval populations born later do not complete their life cycle but instead enter diapause. In apple orchards where Fuji (late cultivar) predominates, abundance of the adult C. sasakii during the spring emergence (Fig. 1A) could be due to the fact that a univoltine component is selected and prevails, since the survivorship of the Þrst brood larvae is extremely low in these fruits during the early season (Table 1) . In an abandoned orchard, where heavy fruit infestation by codling moth occurred, moths from the overwintered population were considerably more abundant than those attributed to the Þrst brood because a univoltine component had been selected (Ferro et al. 1974) . In comparison, adult abundance after spring emergence in peach (in which the early cultivar, Kurakatawase, is abundant) and peach-apple adjacent orchards ( Fig. 1 B and C) indicates that a multivoltine component had been selected and prevailed because the Þrst brood larval survivorship in peaches (Kurakatawase) is relatively higher than that in apples (Fuji) in the early season. Thus, the occurrence of two components (univoltine and multivoltine) in the C. sasakii population, which could be explained by temporal larval survivorship dynamics, together with diapause induction timing and fruit tree cultivar, could play an important role in the population dynamics of C. sasakii.
The signiÞcantly smaller number of degree-days between the Þrst and last ßight peaks in the peach orchard than in the apple or apple-peach adjacent orchards indicates a shift to an earlier last peak of adult occurrence in peach orchards. We speculate that this shift is due to the following factors: (1) a multivoltine component had been selected in the peach orchard, which caused the summer moths to emerge earlier, and (2) a gradual decrease in the available food source by fruits being harvested earlier in the season in the peach orchard, causing the immature population, which would later become summer moths, to be destroyed or suppressed. Delayed timing of the last peak in apple or apple-peach adjacent orchards reßects the prolonged availability of the apples as a food source. Another difference in C. sasakii population dynamics between apple and peach orchards is the number of adult peaks per year; generally three peaks occur in apple or apple-peach adjacent orchards, and two peaks in peach orchards. More frequent midseason peaks between the Þrst and last peaks in apple orchards (Table 4) are probably caused by the second peak of the bimodal spring emergence (Kim et al. 2000) owing to the selection of a univoltine population component. In most cases in peach orchards, the second peak of the bimodal spring emergence was overlapped by that of the Þrst brood moths because a multivoltine component had been selected, resulting in less frequent occurrence of midseason peaks. The time of the midseason peak (Julian date 213.1) in apple orchards was comparable to that of the last peak (Julian date 219.3) in peach orchards (Table 4 ). Furthermore, substantial midseason peak sizes in apple-peach adjacent orchards reßect the overlapping population of the Þrst brood moths from peaches and the spring emergence of moths from both orchards.
The results of our study provide important information for C. sasakii management. Apple cultivars in typical Korean apple orchards consist of late cultivars such as Fuji and early ones such as Tsugaru. Tsugaru apple has been used because of its important role as a pollinating cultivar for Fuji apple and a high market value because of its earlier availability when demand is high. Under such a system, spot sprays of Tsugaru plantings during the early season will allow successful control of the early C. sasakii population because Tsugaru is a host during this period. In Fuji plantings, we recommend delayed sprays, timed for the last moth ßight, which is attributable to the overwintered population. In peach orchards, sprays are recommended against the early emerging population. Future research is needed to determine whether this management approach would improve control of C. sasakii.
